Abstract : A computationally e cient method for two-dimensional direction-of-arrival estimation of multiple narrowband sources impinging on the far eld of a planar array i s p r esented. The key idea is to apply the propagator method which only requires linear operations but does not involve a n y eigendecomposition or singular value decomposition as in common subspace techniques such as MUSIC and ESPRIT. Comparing with a fast ESPRIT-based algorithm, it has a lower computational complexity particularly when the ratio of array size to the number of sources is large, at the expense of negligible performance loss. Simulation results are included to demonstrate the performance of the proposed technique.
Introduction
The problem of estimating the two-dimensional (2-D) directions-of-arrival (DOAs), namely, the azimuth and elevation angles, of multiple sources has received considerable attention in the eld of array processing 1]-7]. Although the maximum likelihood estimator 1] provides optimum parameter estimation, its computational complexity is extremely demanding. Simpler but suboptimal solutions can be achieved by the subspace based approach, which relies on the decomposition of the observation space into signal subspace and noise subspace. However, conventional subspace techniques for 2-D DOA estimation such as MUSIC 2] and ESPRIT 3]-7] necessitate eigendecomposition of the sample covariance matrix (SCM) or the singular value decomposition (SVD) of the data matrix (DM) to estimate the signal and noise subspaces, and huge computation will be involved particularly when the dimensions of the underlying matrices are large, for example, in the case of large towed arrays in sonar. Furthermore, many of the above methods 1]-6] require reasonably accurate initial DOA estimates, 2-D search and/or complex pair matching of the azimuth and elevation angles, although the ESPRIT-based technique proposed in 7] is direct, that is, free of these operations.
The aim of this paper is to develop a computationally simple 2-D DOA estimation algorithm by utilizing the propagator method (PM) 8], which is also a subspace scheme but does not involve eigendecomposition or SVD. In fact, 9] has proposed a PM-based DOA estimation method but unfortunately, a 2-D peak search is needed. Our derived algorithm is direct and has a lower computational complexity comparing with 7], particularly when the ratio of the number of sensors to the number of sources is large, at the expense of negligible performance loss.
The rest of the paper is organized as follows. The data model is presented in Section 2. Our 2-D DOA estimation algorithm is developed in Section 3. In Section 4, simulation results are included to demonstrate the e ectiveness of the proposed method, while in Section 5, conclusions are drawn.
Data Model
Consider two parallel uniform linear arrays (ULAs) with interelement spacing equals d, s u c h that one ULA consists of (N + 1) sensors while another has N sensors, which is depicted in Figure 1 . From this con guration, we form three sub-ULAs of N 
where the dimensions of A 2 , A 1 y , A 2 y , A 1 z and A 2 z are identical to those ofP 1 , P 2 ,P 3 ,P 4 andP 5 , respectively.
According to (3) and comparing (6) and (7), we d e v elop the following equations: We also notice that the eigenvectors in U 1 and U 2 can be considered as the estimates of the p column components of the matrix A 2 . B y c o n trasting these two sets of eigenvectors, it is easy 6] to determine the correct pairs of (^ i ^ i ). It is noteworthy t h a t f o r 2 p N > p , we can use the equationsP 2 A 1 = A 1 y andP 4 A 1 = A 1 z , instead of (8)-(10). , respectively. We see that the proposed method is comparable to 7] and the performance degradation of the former is only around 0.5 dB, because the e ective aperture size in the latter is larger. Although not shown, the RMSEs for the second source are very similar to those in Figure 2 . The above test is repeated for di erent N at SNR = 20 dB and the corresponding RMSEs are plotted in Figure 3 . Again, we have not included the results for the second source because of similarity to Figure 3 . It can be observed that the estimation performance of the proposed algorithm is close to that of the 2-D ESPRIT method when N is su ciently large.
Regarding major computational complexity, t h e n umberofmultiplications involved in calculatingP is in the order of 3N M p , that is, O(3N M p ). Comparing with the direct ESPRIT-

Conclusions
A fast algorithm for 2-D DOA estimation is proposed based on the propagator method. The main motivation of using the propagator is that it only requires linear operations but does not involve any eigendecomposition or SVD as in common subspace methods. It is shown that the proposed method is more computationally e cient than a direct ESPRIT algorithm when the ratio of array size to source number is large, at the expense of negligible loss in estimation performance. 
